Abstract: Cardiovascular disease is one of the leading causes of morbidity and mortality worldwide. Mangiferin is a natural glucosylxanthone with antioxidant and anti-inflammatory properties, which has been confirmed to protect cardiac cells from myocardial infarction and myocardial ischemia reperfusion injury (MIRI); however, the underlying mechanism is still unclear. As oxidative stress is a major pathogenesis of MIRI, an H9C2 cell injury induced by hydrogen peroxide (H 2 O 2 ) was established to simulate MIRI in vitro. Herein, the protective effect of mangiferin against MIRI was evaluated and the isobaric tags for relative and absolute quantitation (iTRAQ)-based proteomics was applied to explore the underlying molecular mechanism. In this research, mangiferin markedly ameliorated the oxidative imbalance by increasing the antioxidative capacity of the H9C2 cell. Moreover, proteomics analysis revealed that mangiferin pretreatment brought twenty differently-expressed proteins back to normal, most of which were related to glucose and fatty acid metabolism. Glycolysis, citrate cycle, and fatty acid degradation pathways were highlighted by Kyoto Encyclopedia of Gene and Genomes (KEGG) analysis. Western blot validation of six cardiac metabolism-related proteins were consistent with the proteomics analysis. Taken together, mangiferin protected the cardiomyocytes from MIRI by enhancing the antioxidant capacity and increasing the activities of glycolysis, citrate cycle, and fatty acid degradation pathways.
Introduction
Myocardial infarction (MI) has been emerging as a common cardiovascular disease with high morbidity and mortality worldwide. In order to alleviate MI, thrombolytic agents and angioplasty approaches are applied to remove the obstruction in blood. However, the restoration of blood flow will lead to the damage of ischemia tissue and cause cell death, which is called myocardial ischemia reperfusion injury (MIRI) [1, 2] . The pathogenesis of MIRI is complex, including oxidative stress, ion accumulation, mitochondrial membrane potential dissipation, endothelial dysfunction, immune response, and some other reasons; however, the molecular mechanism underlying MIRI is still not well revealed [3] [4] [5] [6] . Oxidative stress dominates MIRI for a large extent [7] . Excessive reactive oxygen species (ROS) accumulate by oxidative stress during MIRI, such as hydrogen peroxide (H 2 O 2 ), superoxide (O 2
•− ), hydroxyl radical ( • OH), and singlet oxygen ( • O). Excessive generation of ROS disturbs mitochondrial membrane potential and results in mitochondrial dysfunction [8] . It is imperative to discover an effective compound to improve the resistance of cardiomyocyte against MIRI. Mangiferin, is a natural C-glucoside xanthone with the molecular formula C 19 H 18 O 11 that exists in herbal medicines and fruits [9] [10] [11] . Mangiferin possesses various pharmacological activities, including antioxidant, cardiac protection, anti-diabetic, anti-hyperuricemia, anti-hypertensive, anti-inflammatory, anti-microbial, and anti-obesity [12, 13] . As an antioxidation agent, mangiferin attenuates oxidative stress-induced diabetic nephropathy and protects BRL cell lines from oxidative injury [14, 15] . Previous research indicates that mangiferin increases the antioxidative capacity of cardiac tissue and protects cardiac myocytes during MIRI; however, the underlying mechanism remains unknown [16, 17] .
Proteomics, as an important research technique, has been widely used in pharmacological research of cardiovascular disease on a large scale, and high-resolution mass spectrometry proteomics has gained great progress in recent years [18, 19] . Due to the high stability and sensitivity, isobaric tags for the relative and absolute quantitation (iTRAQ) technique has been applied in the field of proteomics to identify more potential biomarkers and develop novel therapeutic schemes of cardiovascular disease [20] . In this research, H 2 O 2 was used to reproduce the MIRI cell model in the H9C2 cell line, and iTRAQ-based proteomics was applied, for the first time, to screen new biomarkers and elucidate the therapeutic mechanism of mangiferin against MIRI at the protein level. This research may provide a comprehensive mechanism of mangiferin on MIRI.
Results

Mangiferin Protected the H9C2 Cell Injury Induced by H 2 O 2
The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to evaluate the effect of mangiferin on H 2 O 2 -induced H9C2 cell injury. The results elicited that the viabilities of the cells exposed to 50 and 100 µM H 2 O 2 showed no significant difference relative to the control group, whilst 200 and 300 µM H 2 O 2 reduced the cell viability ( Figure 1A ). However, 300 µM H 2 O 2 caused severe cell damage, thus the H 2 O 2 concentration of 200 µM was selected for the subsequent experiments. At the same time, mangiferin caused no damage to the cells with the increasing concentrations of mangiferin up to 50 µM, and the H9C2 cell viability declined with concentrations greater than 100 µM compared to the control ( Figure 1B) . Then, the protective effect of mangiferin was evaluated on H9C2 cell injury induced by H 2 O 2 . The results elicited that mangiferin pretreatment obviously protected the cell injury in a dose-dependent manner ( Figure 1C ). 
The Anti-Oxidation Effect of Mangiferin
In order to verify whether mangiferin possesses anti-oxidation capacity, the superoxide dismutase (SOD), malonaldehyde (MDA), catalase (CAT), and glutathione peroxidase (GSH-Px) levels between the three groups were assessed by ELISA assay. The results showed that H 2 O 2 significantly reduced the SOD, GSH-Px, and CAT levels in H9C2 cells, and simultaneously enhanced the MDA production compared with the control group. Mangiferin could decrease the MDA concentrations and increase the activities of SOD, CAT, and GSH-Px in H9C2 cells induced by H 2 O 2 ( Figure 2 ). 
Effect of Mangiferin on Protein Expression Profiles in H9C2 Cell Induced by H 2 O 2
iTRAQ-based proteomics were employed to explore the therapeutic mechanism of mangiferin against H9C2 cell injury induced by oxidative stress. A total of 1140 proteins were identified, among which 830 proteins containing at least one unique peptide with less than 1.3 unused values. The proteins with more than two peptides and fold-changes >1.25 or <0.8 were regarded as the differently-expressed proteins (DEPs) (p < 0.05). The results demonstrated that 69 proteins were selected as the DEPs in both H 2 O 2 and H 2 O 2 + mangiferin groups (Tables S1 and S2 ). To make a comprehensive understanding on the functional classifications of all the DEPs, DAVID bioinformatics resource 6.8 and Kyoto Encyclopedia of Gene and Genomes (KEGG) were used to categorize the DEPs based on gene ontology (GO) and KEGG pathways. The results of GO annotation revealed that a majority of DEPs were involved in the development process (20.27%), metabolic process (15.87%), single-organism process (15.16%), and response to stimulus (13.38%) in the biological process category (BP) ( Figure 3A) ; extracellular region part (30.53%), extracellular region (27.38%), organelle (15.96%), and organelle part (4.65%) in cellular component category (CC) ( Figure 3B) ; and oxidoreductase activity (15.30%), cofactor binding (13.33%), sulfur compound binding (12.86%), and lyase activity in molecular function category (MF) ( Figure 3C ). In this research, KEGG pathway analysis revealed that most of the DEPs participated in the metabolism-related pathways including glucose, fatty acid, and amino acid metabolism ( Figure 4 ). To further explore the interaction of these identified DEPs, STRING analysis was conducted in this research, which demonstrated that the proteins involved in energy metabolism were mostly interacted ( Figure 5A ). Twenty DEPs that showed recovery in the mangiferin treated group were selected for further analysis. GO analysis illustrated that most of these proteins were closely related to the metabolic process. KEGG analysis discovered that these proteins were mainly involved in fatty acid degradation, glycolysis, and citrate cycle pathways. STRING analysis showed that HK2, PDHB, ALDH2, LDHA, MDH2, and HADHB closely interacted with other proteins and corresponded to critical nodes in the network ( Figure 5B ).
Validation of Selected Proteins by Western Blot
To further verify the DEPs from the proteomics analysis, the western blot assay was adopted to determine the levels of hexokinase-2 (HK2), pyruvate dehydrogenase E1 component subunit beta (PDHB), aldehyde dehydrogenase (ALDH2), l-lactate dehydrogenase A chain (LDHA), malate dehydrogenase (MDH2), and trifunctional enzyme subunit beta (HADHB) between the three groups. The results elicited that the expression profiles of all the six proteins were downregulated in the H 2 O 2 group, as compared with the control group, meanwhile all of these proteins were reversed by mangiferin treatment relative to the H 2 O 2 group ( Figure 6 ). The results of western blot analysis were consistent with the proteomics analysis. 
Discussion
Oxidative stress contributes to the pathogenesis of various cardiovascular diseases, including MIRI [21] . The accumulation of ROS is one of the main causes of myocardial apoptosis [22, 23] . The H9C2 cell line is commonly used as a typical cell model to explore the mechanism of cardiovascular disease or the cardiotoxic effects of antitumor drugs [24] . H 2 O 2 is usually employed to induce H9C2 cell injury in the research of MIRI and oxidative stress injury [7, 21, 25] . In this research, a cell model of MIRI was successfully reproduced, meanwhile mangiferin attenuated H9C2 cell injury induced by H 2 O 2 and protected the H9C2 cell line from MIRI.
Under normal physiological conditions, the antioxidant enzymes, including SOD, GSH-Px, and CAT, protect the cells from oxidative injury by eliminating cytoplasmic ROS. However, MIRI will destroy the activities of the antioxidative enzymes [26, 27] . SOD catalyzes the disproportionation of the superoxide radical into hydrogen peroxide (H 2 O 2 ) [28] . CAT, which exists in the peroxisome of all living organisms, possesses the ability to catalyze the formation of water and oxygen from H 2 O 2 [29] . GSH-Px catalyzes the decomposition of free hydrogen peroxide to water. MDA is a secondary product of lipid peroxidation and acts as a critical marker for oxidative stress [30] . Our research showed that mangiferin attenuated H9C2 cell injury induced by H 2 O 2 in a dose-dependent way by enhancing the antioxidative abilities of SOD, CAT, and GSH-Px, and decreasing the content of MDA. These results suggested that mangiferin improved the anti-oxidative activity of the H9C2 cell line.
To elucidate the mechanism underlying mangiferin on the protection of H9C2 injury induced by H 2 O 2 , iTRAQ-based proteomics was conducted to identify the DEPs in the cells. Results of the proteomics analysis showed that most of the DEPs of H9C2 in the H 2 O 2 group were mostly associated with the metabolic process. Myocardial metabolic disturbances were confirmed to be associated with the pathogenesis of MIRI and other cardiovascular diseases [31] [32] [33] . Glucose and fatty acids, which act as important substrates for oxidative metabolism, play key roles in the regulation of energy homeostasis in the heart. Oxygen deficit and oxidative stress inhibit the aerobic oxidation of fatty acids and enhance the anaerobic oxidation of glucose [34, 35] . Bioinformatics analysis revealed that the DEPs of H9C2 cells in the mangiferin group, which exhibited the tendency to recover, also participated in the metabolic process. Similarly, the KEGG analysis indicated that these recovery DEPs were mostly enriched in glycolysis/gluconeogenesis, pyruvate metabolism, citrate cycle (TCA cycle), and fatty acid degradation. Thus, we hypothesize that mangiferin might ameliorate the H 2 O 2 -induced H9C2 cell injury by regulating glucose and fatty acid metabolism.
Insufficient oxygen shifts the energy metabolism from oxidative phosphorylation to glycolysis in the heart during ischemic conditions. Glycolysis increases after short-time hypoxia, and that is inhibited after long-time hypoxia. Glycolysis is the starting method for aerobic oxidation and anaerobic oxidation of glucose [36, 37] . In this study, proteomics research showed that ALDH2, HK2, PDHB, and LDHA, which were related to the glycolysis pathway, significantly changed in the H 2 O 2 group relative to the control group, whilst all of these four proteins markedly returned to normal in the mangiferin treated group. HK2, a rate-limiting enzyme in glycolysis, catalyzes the formation of glucose-6-phosphate from glucose and regulates the mitochondrial dysfunction in cardiac disease [37, 38] . The cardiac HK2, which binds to mitochondria, has been confirmed to protect the cardiomyocytes from death via preventing the mitochondrial permeability transition pore from opening [39] . Previous studies have shown that enhancement of HK2 activity can reduce MIRI injury and H 2 O 2 -induced cell death [40] . PDHB, a main regulator in glycolysis and the citrate cycle, converts pyruvate to acetyl-CoA, which triggers the TCA cycle [41] . The pyruvate dehydrogenase complex plays a pivotal role in the generation of ROS [42] . The activity of pyruvate dehydrogenase complex declines during ischemia [43] . LDHA belongs to the lactate dehydrogenase family, which is known to catalyze the formation of lactate from pyruvate in glycolysis. Prolonged hypoxia results in a reduction of LDHA activity in the heart [44, 45] . ALDH2, a member of the aldehyde dehydrogenase family, has been proved to attenuate the toxic aldehydes, maintains mitochondrial function, suppresses ROS production, and influences mitochondrial respiration [46, 47] . It has been demonstrated that ALDH2 knockout accelerates the myocardial injury, whilst over-expression of ALDH2 diminishes ROS production and mitigates apoptosis in the cardiomyocytes [48, 49] . In this study, the levels of HK2, PDHB, LDHA, and ALDH2 obviously increased in the H 2 O 2 -induced H9C2 cells pretreated with mangiferin relative to the H 2 O 2 group. These findings indicated that mangiferin attenuated the H9C2 cell injury and oxidative stress induced by H 2 O 2 through stimulating glycolysis and glucose aerobic oxidation, via increasing the HK2, PDHB, LDHA, and ALDH2 activities.
The TCA cycle is an important hub and links glucose, lipid, and amino acid metabolism. The oxidative stress induced by H 2 O 2 inhibits the activity of the TCA cycle [50, 51] . MDH2 plays a core role in TCA cycle and catalyzes the conversion of malate to oxaloacetate. Previous studies, reported in the literature, reveal that ischemia reduces the activity of MDH2 in the heart [52, 53] . The results of proteomics demonstrated that mangiferin could upregulate the reduced activity of MDH2 in the H9C2 cells induced by H 2 O 2 , and, consequently, increased the activity of the TCA cycle.
Insufficient oxygen during ischemia inhibits cardiac fatty acid oxidation and impairs ATP generation regulated by oxidative phosphorylation. Increased fatty acid oxidation promotes the accumulation of cellular free fatty acids in the heart [36] . HADHB catalyzes the last step of fatty acid β-oxidation, which yields acetyl-CoA. The results of this research showed that the levels of HADHB in the cells treated with H 2 O 2 were significantly lower than those in the control group. Mangiferin markedly increased the activity of HADHB relative to the H 2 O 2 group. Hence, mangiferin might facilitate the reduced activity of fatty acid β-oxidation by upregulating the level of HADHB.
Materials and Methods
Reagents and Chemicals
Rat H9C2 cardiomyocyte cell line was purchased from the Cell Bank of the Chinese Academy of Science (Shanghai, China). The mangiferin, ammonium formate, H 2 O 2 , Dimethyl sulfoxide (DMSO), and MTT were all obtained from Sigma-Aldrich (St Louis, MO, USA). Dulbecco's modified Eagle medium (DMEM) was purchased from Corning Cellgro Inc. (Herndon, VA, USA) and the fetal bovine serum (FBS) was bought from Biological Industries Technologies (Kibbutz Beit Haemek, Israel). The SOD, MDA, GSH-Px, and CAT ELISA assay kits were all acquired from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The Protein Extraction kit was purchased from Bestbio company (Shanghai, China), and the BCA Protein Assay kit was obtained from CWbiotech Co., Ltd. (Shanghai, China). Trypsin was bought from Promega Corporation (Madison, Wi, USA) and the iTRAQ ® Reagents Multiplex kit was obtained from AB Sciex (Redwood, CA, USA). The rabbit primary antibodies of HK2, PDHB, LDHA, ALDH2, MDH2, and HADHB and the secondary antibody were purchased from Bioss company (Beijing, China).
Cell Culture and Oxidative Injury Induced by H 2 O 2
Cardiomyoblasts H9C2 was cultured in flasks with high glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) containing a mixture of 100 U/mL penicillin and 100 mg/mL streptomycin. The cells were incubated in an atmosphere of 95% air and 5% CO 2 at 37 • C under humidified conditions. The medium was changed every two or three days. The H9C2 cells were collected with trypsin and seeded in 96-well plates at a density of 1 × 10 5 cells per well. The cells were used for experiments when they grew to 80-90% confluence. The cells were treated with different concentrations of H 2 O 2 (0, 50, 100, 200, 300 µM) for 6 h.
Cell Viability Assays
The cell toxicity and viability assays were determined by MTT assay. In brief, the H9C2 cells were seeded in a 96-well plate at a density of 1 × 10 5 cells per well and cultured for 24 h. Mangiferin was dissolved in DMEM with 0.1% DMSO. The DMEM was removed and different concentrations of mangiferin (0, 5, 10, 20, 50, 100, 200, 400, 800 µM) were added in the wells and incubated for 6 h.
To determine the protective effect of mangiferin on H 2 O 2 -induced cell injury, the H9C2 cardiomyocytes were preconditioned with 5, 10, and 20 µM/L mangiferin for 6 h, followed by treatment with H 2 O 2 for 6 h. Subsequently, the cells were incubated with 10 µL MTT (0.5 mg/mL) in each well. After incubation at 37 • C for 4 h, the supernatants were discarded, and 100 µL DMSO was added in each well to dissolve the formazan crystal, after which the absorbance was determined with a microplate reader at 490 nm.
Biochemical Analysis of H9C2 Cells
To determine the antioxidant effect of mangiferin, the SOD, MDA, CAT, and GSH-Px levels were measured by the ELISA kits in accordance with the manufacture's instruments.
Protein Preparation and iTRAQ Labelling
H9C2 cells were seeded in the 150 mm Petri dishes with a density of 2 × 10 4 /cm 2 , which were incubated up to 80-90% confluence for the iTRAQ-based proteomics analysis. According to the results of the cell viability and biochemical assays, a high dose (20 µM/L) of mangiferin was selected for the proteomics research. H9C2 cells were divided into six groups including two control groups, two H 2 O 2 groups, and two H 2 O 2 + mangiferin groups. The cells in the control group were cultured in normal condition, the cells in the H 2 O 2 group were incubated with H 2 O 2 (200 µM) for 6 h, and the cells in the H 2 O 2 + mangiferin groups were pretreated with mangiferin (20 µM/L) for 6 h, and subsequently cultured with H 2 O 2 (200 µM) for 6 h. After incubation in H 2 O 2 , the medium was discarded from each cultured dish and rinsed with cold PBS twice. The cell proteins were extracted by the protein extraction assay kit and the protein concentrations were measured by the BCA protein assay kit, all the procedures were followed as to the manufacturers' instructions.
The extracted proteins (100 µg) from each group were digested in trypsin at 37 • C overnight, then the peptides were labeled with iTRAQ reagent-8-plex kit in accordance with the manufacturer's instruction. Peptides in the control group were labeled with 115 and 118, meanwhile the peptides of the H 2 O 2 group were labeled with 116 and 119, and the peptides in H 2 O 2 + mangiferin group were labeled with 117 and 121. All the labeled peptides were mixed together and vacuum dried.
High-pH Reverse-Phase Liquid Chromatography Fraction
The mixture of labeled peptides were separated on an HPLC system (Waters, Milford, MA, USA) combined with the Waters XBridge C18 (4.6 × 250 mm, 5 µm). The dried peptides were dissolved in buffer A (20 mM ammonium formate, pH 10), and vortexed at 12,000× g for 20 min. The supernatant was loaded onto the HPLC column. The peptides were eluted at a 1 mL/min with a gradient of 5% buffer B (20 mM ammonium formate in 80% acetonitrile, pH 10) for 5 min, 5-15% buffer B for 25 min, 15-38% buffer B for 15 min, 38-90% buffer B for 1 min, and 90% buffer B continuously eluted for a period of 8.5 min, 90-5% buffer B for 0.5 min, and 5% buffer B for 10 min. The eluted fractions were collected after 5 min at 1 min intervals and divided into ten fractions. All ten fractions were dried by vacuum centrifugation.
Nano LC-MS/MS Analysis
Nano LC-MS/MS analysis was carried out on an AB SCIEX nanoLC-MS/MS (Triple TOF 5600) system (Redwood, CA, USA). All the ten fractions were dissolved in 30 µL of mobile phase A (0.1% formic acid, 2% acetonitrile) and centrifuged at 12,000× g for 20 min. Afterwards, 20 µL of each samples was separated in an analytical column (C18-CL-120, 0.075 × 150 mm, 3 µm) with an 80 min solvent gradient from 5-80% buffer B (0.1% formic acid, 98% acetonitrile) at a flow rate of 0.3 µL/min. MS1 spectra were collected in the range 350-1250 m/z for 250 ms. The 30 precursors with the strongest signals were selected for fragmentation. MS2 spectra were collected in the range of 100-1500 m/z for 100 ms.
Protein Identification and Bioinformatic Analysis
The AB ProteinPilot™ v4.5 software (AB SCIEX, Redwood, CA, USA) was applied to analyze the MS data for protein identification with the Paragon algorithm. The proteins that possessed at least one unique peptide and more than 1.3 unused values were chosen for further identification, and proteins which possessed at least two peptides were considered for further analysis. p ≤ 0.05 and fold-changes lower than 0.67 or higher than 1.5 were considered as significant.
Functional classification and annotation were performed with GO using the DAVID bioinformatics resources 6.8 (http://david.ncifcrf.gov/) to determine enrichment in CC, BP, and MF. Pathway analysis was performed using the KEGG (http://www.genome.ad.jp/kegg/mapper.html) to identify significant enrichment of signal pathways. STRING version 11.0 (https://string-db.org/) was employed to explore the protein interaction networks.
Western Blot Validation
The levels of HK2, PDHB, LDHA, ALDH2, MDH2, and HADHB were validated by western blot analysis. In brief, an equal amount of protein (30 µg) from each group was separated with 12% SDS-PAGE gels and transferred to 0.22 µM NC membranes, followed by being blocked with the QuickBlock blocking buffer for 15 min. The blocked membranes were washed with PBST three times, and all the primary antibodies at a dilution of 1:1000 were added to the membrane and incubated at 4 • C overnight. Afterwards, the membranes were washed with PBST and incubated with the secondary anti-rabbit antibody at a dilution of 1:5000 for 1 h. After being washed with PBST, the bands were detected by the Odyssey Imaging System (LI-COR Bioscience, Inc., Lincoln, USA).
Statistical Analysis
Data were expressed as mean ± SD. Statistical analysis was performed on GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA). One-way ANOVA and Student's t-test were used as appropriate. p values of less than 0.05 were considered statistically significant.
Conclusions
In this study, iTRAQ-based proteomics was employed to elucidate the underlying mechanism of mangiferin against MIRI induced by H 2 O 2 in vitro for the first time. In conclusion, mangiferin could exert its protective effect on oxidative-stress-induced MIRI by enhancing the antioxidative capacity of the H9C2 cell, as well as promoting glucose aerobic metabolism and fatty acid oxidation via activating the glycolysis, citrate cycle, and fatty acid degradation pathways. Subsequent validation proved that HK2, PDHB, LDHA, ALDH2, MDH2, and HADHB could be selected as the candidate targets of mangiferin in myocardial protection. Our findings provided novel insights for the prevention of MIRI and elucidated the mechanism of mangiferin in myocardial protection.
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